\ technique for using haemoglobin as an indicator of oxygen produced by the ihotosynthetic activity of green leaves was first described by Hoppe-Seyler 1879). The method has been used with notable success by Hill (1937 Hill ( , 1939 and by dill & Scarisbrick (1940) in their observations on the sub-cellular activity of isolated hloroplasts. The quantities of oxygen evolved in their experiments were small, and ince the sensitivity of measurement was dependent upon the affinity of the haemo globin for oxygen, it was desirable to select a haemoglobin having as high an Oxygen affinity as possible. Hill (1936) , however, had shown th at muscle laemoglobin in dilute solution has a greater affinity than the blood haemoglobin >f the same mammal. Thus at pH 8 and 19°C he found ox muscle haemoglobin 0 be half saturated at an 0 2 pressure of 0-7 mm. compared with 1-8 mm. for ox )lood haemoglobin under the same conditions. Using muscle haemoglobin as ndicator, Hill (1939) was able to show th at illuminated chloroplasts in presence >f leaf extracts evolve oxygen to a pressure of 1 mm. Hg and in presence of ferric jxalate to a pressure of 4 mm. Hg.
Haemoglobins are now known which have oxygen affinities higher than th at of mammalian muscle haemoglobin. In particular it has been shown th at Ascaris lumbricoides, a nematode parasitic in the pig, contains two haemoglobins re markable for their extreme resistance to deoxygenation when they are equilibrated in vacuo (Davenport 1949) . Because of this property the standard methods for the determination of the oxygen equilibrium curves could not be used. Hill (1939) had used a haemoglobin of known oxygen affinity to measure the tensions of oxygen produced by illuminated chloroplast systems. The object of the present paper is to compare the response of ox muscle haemoglobin and the Ascaris haemoglobins to oxygen produced photochemically under standard conditions and thus to obtain an indication of the relative affinities of the haemoglobins.
P r e l im in a r y o b ser v a tio n s
In the basic procedure of Hill (1939) , suspensions of chloroplasts are introduced into an evacuated Thunberg tube containing haemoglobin and either an aqueous extract of leaf acetone powder or a solution of ferric oxalate. The tube is then illuminated and oxygen estimated spectroscopically as oxyhaemoglobin.
The Ascaris haemoglobins are not appreciably deoxygenated when they ar equilibrated against a vacuum for short periods. It was shown previously (Daven port 1949) th at their high oxygen affinity is the result, principally, of an extreme! low deoxygenation velocity. Even in the presence of powerful reducing agents sue] as sodium hyposulphite the reaction proceeds slowly enough for measurement b static methods. These haemoglobins could not therefore be used in the detection c oxygen evolved in Hill's reaction until a method had been worked out for thei deoxygenation in the absence of powerful reducing agents.
I t was shown by Hill (1939) th at illuminated chloroplast suspensions alone d not evolve oxygen but when an aqueous extract of acetone powder of leaves i added to the system oxygen is immediately evolved. These leaf extracts also contai reducing systems capable of bringing about a slow deoxygenation of the Ascan haemoglobins. 2 g. of an acetone powder of young leaves of Lamium prepared according to the directions of Hill (1939) , were stirred into 20 ml. of wate and, rapidly squeezing through muslin, the extract was centrifuged. To 2-5 ml. ( a solution of Ascaris perienteric fluid haemoglobin, pH 7-4 and containing 10~4 haematin, in a Thunberg tube, 1-5 ml. of the extract were added and the tut evacuated. After 18 hr. incubation at room temperature, between 80 and 90 c of the haemoglobin was in the deoxygenated form. Through the side arm of tt evacuated tube 0-4 ml. of a suspension of Stellaria media chloroplasts, prepared b the standard method of Hill & Scarisbrick (1940) was added. Upon exposing tl tube to the light of a projection lamp the absorption spectrum of oxyhaemoglobi appeared and grew in intensity until it corresponded to 100 % oxyhaemoglobi] The long period of incubation does not therefore destroy the capacity of the lei extracts to promote an evolution of oxygen when chloroplasts are subsequent] added and illuminated. Moreover, the haemoglobin undergoes no detectab secondary change.
Control experiments, similar to those of Hill (1939) , showed that (a) illuminatic of the tube before the addition of chloroplasts had no effect, (b) chloroplast su pensions which had been heated to 100° C or stored for 18 hr. at 4°C were inactiv Because of the necessity for a preliminary incubation of haemoglobin and lei extract it was not possible to determine whether chloroplasts alone were able 1 bring about reoxygenation of the Ascaris haemoglobin. Nevertheless the continue activity of the system after this incubation made possible a direct comparison < the response of Ascaris haemoglobin and mammalian haemoglobin to oxyge evolved in the reaction.
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Ma t er ia l s a n d m eth o d s As far as possible the arrangement of the apparatus, the method of preparatic of ox muscle haemoglobin, suspensions of chloroplasts of Stellaria , and tl measurement of the pigment concentration in these preparations followed tl information given by Hill (1939) and Hill & Scarisbrick (1940) . The extraction < haemoglobin from the perienteric fluid and from the body wall of Ascaris has bee described previously (Davenport 1949) . Their concentrations were measured * cyanmethaemoglobin; the absorption constant at 544 being taken as 2-57 x 1C All experiments were carried out in m /3 0 phosphate buffer pH 7*4. Hill found hloroplasts to have maximum photochemical activity at pH 8-0, but the lower pH as chosen because of the increased stability of the Ascaris haemoglobins in less lkaline solution. On the day before an experiment tubes containing the appropriate aemoglobin and leaf extract were set up and evacuated as described in the previous action and incubated on the bench overnight. In order to obtain standard conitions muscle haemoglobin, when this was used, was also incubated in the presence f the leaf extract. After 18 hr. incubation, deoxygenation of the Ascaris haemolobin was usually sufficiently advanced for the addition of chloroplast suspensions, pecial precautions were necessary during this addition to avoid the accidental itroduction of oxygen, since any oxyhaemoglobin so produced could not be eoxygenated by re-evacuation. The leaves of Stellaria media, after grinding in m /3 0 phosphate buffer pH 7-4, ontaining 13 % sucrose, were filtered into a Thunberg tube. The tube was evacuated nd gently shaken until frothing ceased. The vacuum was then released and part of he suspension taken up in a drawn-out pipette, dipping well below the surface, and ntroduced into the side arm of the reaction tube. Bubbles of air, entangled in the ap grease at the base of the arm, were dislodged with the point of the pipette. The ide arm was filled completely and several drops of suspension allowed to overflow, n order to displace the first introduced portions which had been in contact with ir. A TO ml. graduated pipette, containing the rest of the suspension, was then ttached to the side arm by a short length of rubber tubing and the required volume »f suspension cautiously admitted to the reaction tube. For each tube a fresh :hloroplast suspension was prepared. The reaction was begun by exposing the tube 0 the light of the projection lamp exactly 15 min. after grinding of the Stellaria weaves commenced.
A 500 W projection lamp was the source of photochemical energy and this was Arranged in relation to the spectrocolorimeter precisely as described by Hill & Scarisbrick (1940) . Light intensity was varied by sliding resistance, and illumination at the reaction point was measured with a selenium cell lux-meter. This method of measurement has the advantage that the spectral response curve of this type of sell includes the wave-lengths above 600 ji which are most active in promoting the photochemical reaction involving chlorophyll. Most of the experiments were sarried out at 7300 lux.
After addition of the leaf extract the haemoglobin concentration in the tubes was equivalent to 0*6 x 10_4m haematin. The tubes had an effective thickness of 1 *5 cm. The production of oxyhaemoglobin was followed by comparing the spectrum of the reacting system with that of an optical mixture of the same haemoglobin and oxyhaemoglobin in the cups of the spectrocolorimeter.
R esu lts
No difference could be detected in the response of the two Ascaris haemoglobins to oxygen evolved in the chloroplast reaction. Figure la shows the result of an experiment with perienteric fluid haemoglobin. Oxygenation of the haemoglobin proceeded at a steady rate until full saturation was attained, in about 270 sec. I it is assumed that the oxygen output of the system over this period was constan then the oxygen affinity of the haemoglobin is so high that, within the limits o a 5 % error in the method of measurement, the percentage oxyhaemoglobin wa proportional to the oxygen concentration up to complete saturation. This resul may be contrasted with the data given by Hill (1936) for ox muscle haemoglobi: which has a relatively high oxygen affinity. At pH 7 and 19° C the pigment is 58 °7 oxygenated at 1 mm. oxygen pressure whereas at 2 mm. pressure only a furthe 17 % of the haemoglobin becomes oxygenated.
H. E. Davenport time of illumination (sec.) In the series of experiments of which figure 1 is a typical result no direct con parison with ox muscle haemoglobin was made. In subsequent experiments whe: this was done the reaction proceeded more slowly. The difference was found to 1 due to variations in the activity of the leaf extracts. Extracts from different acetor powders of Lamium album leaves showed wide variations in their activity bi successive extracts from a single preparation over a period of one week showed r appreciable differences in their activity. Figure 16 is the result of a typical e: periment in a series where a less active acetone powder was used. The initial ral of oxygenation, about half that in figure 1 was not maintained but diminishe lowly with time until complete saturation was reached in 1600 sec. By varying eparately the conditions of this experiment it was possible to examine the factors ssociated with this diminution.
{a)
Chloroplast concentration Figure 1 c is the result of an experiment carried out under the same conditions s figure 16 except that the chlorophyll concentration was reduced to half. The iiitial oxygenation rate is also about half th at at the higher chlorophyll concentraion and complete saturation of the haemoglobin was not reached. By drawing angents to these curves the oxygenation rates at convenient time intervals may be letermined. The values, expressed as percentage oxyhaemoglobin/sec., form two eries which diminish exponentially with time of illumination as shown graphically n figure 2. Extrapolation of the points to zero time gives the true initial rate of oxygenation. W ith 0*4 x 10~4m chlorophyll this was 0-13 % oxyhaemoglobin/sec.
•ompared with 0-07 % a t half that chlorophyll concentration. This result agrees with he findings of Hill (1939) .
Ascaris haemoglobin and production of oxygen 285 More important, from the point of view of the properties of the Ascaris haemo globins, is the slope of the points in figure 2. This is a measure of the rate at which the oxygenation velocity decreases with time and is the same at both chlorophyll concentrations in spite of the difference in the initial oxygenation velocity. At the higher chlorophyll concentration oxygenation of the haemoglobin proceeded to completion and covers the range 15 to 95 % saturation but at the lower concentra tion only 60 % saturation was reached. The rate of decrease of the oxygenation velocity is thus independent of the level of saturation of the haemoglobin and the decrease is not therefore an effect due to the oxygen equilibrium relations of the pigment. The results suggest th at during illumination the oxygen output of the photochemical reaction declines exponentially with time.
In the experiment shown in figure 1 b, the rate of oxygenation falls to half the initial rate in 500 sec. With a more active photochemical system, such as gave the result in figure 1 a, the haemoglobin becomes completely oxygenated too rapidly for the decline in oxygen production with time to come within the experimental error of the method of measurement.
H. E. Davenport (6) Light intensity
At the point of exposure of the reaction tubes the maximum illuminating power of the projection lamp was found to be 28,000 lux. Comparisons were made between the effect of this increased illumination and the 7300 lux used in the other experiments.
tim e of illu m in atio n (sec.) F ig u r e 3. D iag ra m to show influence of som e facto rs on th e ra te of o x ygenation of Ascari p erien teric fluid haem oglobin d u rin g illu m in atio n in th e ch loroplast reactio n . Haemo globin = 0*6 x 10-4 m h ae m a tin . 0*4 m l. ch lo ro p last suspension, 23°C, p H 7*4. a, 730( lux, haem oglobin a n d le a f e x tra c t in vacuo 18 h r., fresh chloroplasts. 6, as a b u t 28,00( lux. c, 7300 lux, haem oglobin a n d le a f e x tra c t in vacuo 18 h r., chloroplasts th e n addec a n d sto red in d ark , 140 m in. before illu m in atio n , d, as a b u t haem oglobin a n d leal e x tra c t in vacuo 42 h r.
The comparison is illustrated by the results in figure and 6, plotted in the manner described above for figure 2. The initial rate of oxygenation at 28,000 lux is 0*186 %/sec. compared with 0*10 %/sec. at 7300 lux, but the rate diminishes more rapidly at the higher illumination. Thus a reduction to half the initial rate occurs in 250 sec. at 28,000 lux and in 650 sec. at 7300 lux. It is inferred that al though increased light intensity raises the initial oxygen output of the photo chemical system, it also accelerates the exponential decline in oxygen output which accompanies illumination.
(c) Ageing of Hill (1939) found that the activity of chloroplasts stored in buffered sucrose dution diminishes rapidly. In general he found a 50 % loss of activity in 2 hr. at 10m temperature. In view of the long duration of some experiments with Ascaris lemoglobin it was considered to be of greater importance to measure the rate of lis inactivation when the chloroplasts were stored in presence of the plant extract id haemoglobin in vacuo. When a comparison was made between different chloroplast suspensions of milar initial activity the results showed considerable variation, but half the itivity, measured by the initial rate of oxygenation of the haemoglobin, was lost a from If to 2\hr. at room temperature. An experiment of this kind is given as figure 3 c and was carried out under the ime conditions as figure 3 a except th at after introduction of the chloroplasts the ibe was stored in the dark for 140 min. In this time the initial oxygenation rate 11 from 0-10 to 0*048 % oxyhaemoglobin/sec., a 50 % loss in activity. Comparison F the slope of the curves a and c in figure 3 indicates that, in spite of their lower iitial activity, the oxygen production of the stored chloroplasts diminishes during lumination slightly less rapidly than when fresh chloroplasts are used and the litial activity falls to half in about 1100 sec.
(d) Storage of the haemoglobin with leaf extract
The necessity for a preliminary incubation of the Ascaris haemoglobins with ^af extract in order to bring about deoxygenation prevented an investigation into tie activity of the fresh leaf extracts, in presence of these haemoglobins. Results ith ox muscle haemoglobin will be given below but a number of experiments /ere carried out with Ascaris haemoglobin after longer incubation periods th 8 hr. In spite of some variation in the results a further incubation period of 24 hr., 2 hr. in all, results in a 50 % loss of initial oxyhaemoglobin formation when chlorotlasts are added and the tubes illuminated. Figure 3 illustrates a typical experinent and shows also that the diminution of the rate of oxygen production during Humiliation remains unaffected in spite of the lower initial rate. From the above results it has been possible to show, without direct comparison nth haemoglobins of known oxygen affinity, that, within a 5 % error in the method >f measurement, oxygenation of the Ascaris haemoglobins proceeds to saturation n direct proportion to the oxygen concentration. Control experiments with human ilood haemoglobin and ox muscle haemoglobin served further to confirm this extreme oxygen affinity.
The results with human blood haemoglobin were uniformly negative. Greatty increased light intensity, concentration of the plant extracts and of the chloroplast suspensions failed to bring about any perceptible formation of oxyhaemoglobin. When ox muscle haemoglobin was substituted there was, however, a small but measurable response.
/
The experiment shown in figure 4, inset a, was carried out by admitting chlor< plasts to the tube containing leaf extract and muscle haemoglobin without preliminary incubation period. The initial rate of oxygenation is rapid but decreast until, at 400 sec., a maximum of 30 % oxyhaemoglobin is present. With continue illumination a slow deoxygenation occurs. Where the muscle haemoglobin w; first incubated for 18 hr. in vacuo with the leaf extract the response was similj but both the initial rate of oxygenation and the level of oxygenation at whi( equilibrium occurred, were less. In general this preliminary incubation resulted a 50 % decrease in these values. Thus, in the direct comparison with an Ascar haemoglobin which ultimately became fully oxygenated, only 15 % muscle ox haemoglobin was formed. This corresponds to an oxygen tension of less tin 0-1 mm. Hg. The contrast between the responses of the two haemoglobins well shown in figure  4 A and B. An important feature illust that, although the initial rates of oxygenation of the two pigments are simila muscle haemoglobin attains maximum oxygenation in 400 sec., that is 1200 se before the Ascaris haemoglobin reaches full saturation.
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D isc u ssio n
The essential property of haemoglobin is its capacity to enter into a labi combination with molecular oxygen without undergoing oxidation. When tl change in spectrum which accompanies oxygenation is used in the measurement < ygen in solution the oxygen equilibrium curve of the haemoglobin may be garded as a calibration curve of the method. If small amounts of oxygen are Ided to deoxygenated haemoglobin the increase in the level of oxygenation prodes a measure of the oxygen tension in the solution and if the concentration of temoglobin is known the quantity of oxygen can be calculated. This provides e basis for the method introduced by Hill (1937) for the measurement of oxygen olved when isolated chloroplasts are illuminated. But in the chloroplast reaction e position is complicated by the presence of reducing systems capable of cornding with the haemoglobin for oxygen evolved in the reaction. Hill (1939) ♦served that muscle haemoglobin, oxygenated in the presence of isolated chloroasts and the necessary reagents in the light, undergoes a rapid deoxygenation in irkness. During illumination also, the maximum level of oxygenation attained ^responds to the oxygen tension at which the opposing oxygen production and cygen consumption are in equilibrium. Using leaf extracts to promote the doroplast reaction with muscle haemoglobin, Hill (1939) was able to obtain levels ' oxygenation corresponding to an oxygen tension of 1 mm. Hg. This value, jwever, gives no information of the rate of oxygen production at equilibrium. Muscle haemoglobin at 23° C is half saturated with oxygen at a tension of 0-6 mm. g and the form of the oxygen equilibrium curve is a rectangular hyperbola dill 1936). During the initial stages of oxygenation, therefore, the tension of xygen in solution is for practical purposes negligible and the influence of reducing /stems minimal. Hill & Scarisbrick (1940) used the initial rate of oxyhaemoglobin roduction as a measure of the initial rate of oxygen output during illumination 1 the chloroplast reaction. They assumed that over a short range haemoglobin ombines with oxygen in direct proportion to its concentration. With Ascaris haemoglobin, in presence of an active oxygen producing system igure la), the initial rate of oxygenation is maintained up to complete saturation, 'he haemoglobins appear to combine irreversibly with oxygen in the manner of true oxidation. But it has been shown previously (Davenport 1949 ) th at the high xygen affinity of the haemoglobins is the result principally of an extremely low elocity of dissociation of oxygen from combination with the pigments. The disociation velocity, in presence of sodium hyposulphite, is independent of the conentration of the reducer. This, as was pointed out originally by Hartridge & ioughton (1923) , is characteristic of the deoxygenations peculiar to the respiratory (igments. It was therefore concluded that the oxygen affinities of the Ascaris xaemoglobins are so high that when they are subjected to successive small in erenents of oxygen concentration, a 5 % error in the method of measurement of the (xyhaemoglobin produced is too great to allow the effect of an equilibrium with oxygen to be detected. Moreover the effect of the oxygen uptake of the solutions ipon the oxygenated haemoglobin also comes within the experimental error of the method.
In reactions where the initial rate of oxygenation of Ascaris haemoglobin is about one-third of that in figure la , indicating a less vigorous oxygen evolution, the rate of oxygenation diminishes exponentially with the time of illumination. For the reasons given above it is assumed that this diminution is the result of an ] exponential decrease of oxygen production. This is always more rapid than tha which occurs when chloroplasts are stored in darkness before use. Thus in a typiC { experiment the oxygen output fell to half in about 650 sec. illumination wheres 140 min. storage in darkness was required for the same loss of initial activity, possible explanation of the observation is that exhaustion of some essential intei mediate substance occurs. I t is unlikely that the activity of the hydrogen acceptoi present in the leaf extracts is limiting since variation in their concentratio relative to the amount of chloroplast suspension added has no appreciable effe< upon the rate of decrease of oxygen output although the initial rate is altered.
On the other hand, increased light intensity raises the initial oxygen output bi also greatly accelerates the decrease in oxygen production during illuminatioi Hill & Scarisbrick (1940) investigated the effect of light intensity on the oxyge evolution of chloroplasts using the initial rate of oxygenation of muscle haemoglobi as a measure of the activity of the systems. They found that the initial oxyge output rose with increasing light intensity up to a point, at about 40,000 lux, whe] light saturation occurred. The occurrence of light saturation indicates that son process of limiting velocity participates in the photochemical reaction. Such process would also explain the decline in oxygen evolution during illumination an its acceleration at high light intensities.
The comparative experiments with muscle haemoglobin serve to emphasize tl extreme oxygen affinities of the A scans haemogl oxygenation attained was about one-tenth the maximum obtained by Hill (193) yet under the influence of chloroplast systems of this low activity oxygenation < the Ascaris haemoglobins proceeded to full saturation. The use of these haemoglobii thus greatly increases the sensitivity of this method of estimating oxygen produ tion. The limiting factor in their application is the difficulty in bringing aboi preliminary deoxygenation and for this reason they have not yet been applied 1 the measurement of oxygen in the more easily controlled ferric oxalate reaction < Hill (1939) . An extension of their field of usefulness in the measurement of vei small oxygen concentrations must await the finding of a hydrogen donator capab of bringing about deoxygenation without influencing the oxygen production of tl chloroplasts.
